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FOREWORD 

This report was prepared in fulfillment of National Aeronautics and 
Space Administration contract NAS2-9178. The contract was awarded 
March 30, 1976, to the Boeing Military Airplane Development Group of 
the Boeing Aerospace Company as part of a program to develop a Lift/ 
Cruise Fan V/STOL Research Airplane. 

The contract effort involved the design, fabrication, static ground 
testing, and wind tunnel testing of a .094 scale powered model of a 
modified T-39 Lift/Cruise Fan Airplane. Modifications to the T-39 
included: expanding the forebody to house a lift fan, replacing the 

T-39 engines with tilting lift/cruise fans, raising the horizontal 
stabilizer to a T-tail position, and replacing the T-39 gear with A-4 
gear. The model was powered by three 13.97 cm (5.5 inch) diameter 
turbo-powered simulators. Tests were conducted in the Boeing Static 
Test Facilities and in the Boeing 9-foot Low Speed Wind Tunnel. Forces 
and moments were measured by an internal strain-gauge balance. Engine 
simulator thrust and mass flow were measured by calibrated pressure and 
temperature instrumentation mounted downstream of the fan. 

The tests were conducted to define the low speed handling qualities and 
general aerodynamic characteristics of the modified T-39. Test variables 
included: thrust level and thrust balance, forward speed, model pitch 

and sideslip angle at forward speeds, model pitch, roll, and ground 
height during static tests, lift/cruise fan tilt angle, flap and aileron 
deflection angle, and horizontal stabilizer angle. Tests were also 
conducted to determine the effects of removing the landing gear, the 
lift/cruise fans, and the tail surfaces. 
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WIND TUNNEL AND GROUND STATIC TESTS 
OF A .094 SCALE POWERED MODEL OF 
A MODIFIED T-39 LIFT/CRUISE FAN V/STOL RESEARCH AIRPLANE 

by 

D. Hunt, J. Clingan, V. Salemann, and E. Omar 
1 . 0 SUMMARY 

A .094 scale powered model of a modified T-39 Lift/Cruise Fan V/STOL 
airplane was designed, fabricated and tested statically and in a low 
speed wind tunnel. The test program was conducted in fulfillment of 
NASA contract NAS2-9178, "Design and Fabrication of a Lift/Cruise Fan 
V/STOL Model for Wind Tunnel Tests", and was directed towards verifying 
the basic concept of a shaft-connected tilting lift/cruise fan V/STOL 
configuration and defining its general aerodynamic characteristics. 

Modi fixations to the basic T-39 included extending the forebody to house 
the forward lift fan, replacing the T-39 engine pods with tilting lift/ 
cruise fans, replacing the T-39 gear with A-4 gear, raising the hori- 
zontal stabilizer to a T-tail position, and providing a flap cutout 
door to provide clearance for the lift/cruise fan exhaust at high tilt 
angles. The model was powered by three tip-driven turbo-powered simu- 
lators. High pressure air to drive the simulators wassipplied to the 
model through the sting support system and on through the internal 
"flow-thru" strain gauge balance. 

The model was tested in four configurations. Namely: 

• A VTOL configuration with flaps deployed, gear down, and engines 
tilted to 80°, 90° and 95°. 

• A STOL configuration with flaps and gear down and engines tilted 
to 50°. 
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• A CTOL configuration with flops and gear down and engines not 
tilted. 

• A loiter configuration with flaps and gear retracted and engines 
not tilted. 

In addition, tests were conducted to assess the effects of removing the 
gear, nacelles, and tail surfaces and drooping the ailerons. Static 
tests of the hover configuration were conducted in the Boeing Static 
Test Facilities and test variables included model pitch, roll and ground 
height. All four configurations were tested at forward speeds in the 
Boeing 9' Low Speed Wind Tunnel at speeds ranging from 65 knots to 120 
knots. Other test variables included model pitch, sideslip and thrust 
coeffi cient. 

The static tests were directed towards defining the impact of ground 
effects upon hover lift and stability. The hover test results show an 
induced lift loss of 2 % of gross thrust for heights far above the ground. 
With the model in a level attitude there was no additional lift loss 
due to ground effect at any height. The largest induced lift loss due 
to ground effect occurred at a combination of 10° of pitch and 10° of 
roll where a loss equal to 5 % of gross thrust was measured. Instabilities 
in pitch and roll are present, however, the destabilizing moments are 
small relative to the control power available through differential 
thrust variation. The largest pitching moments and rolling moments 
found did not exceed 15;. and 10/. respectively of the control power 
available. 

The emphasis during wind tunnel tests was on propulsion induced lift 
for STOL operation and the impact of the tilting lift/cruise fans upon 
longitudinal and directional stability. The useable propulsion in- 
duced lift of the STOL configuration was found to be 19% of the lift 
produced by the basic model with the lift/cruise fan nacelles removed. 

The induced lift from the T-39 model has been compared with that of a 


2 



rt <• 


C,t )MMANY 


0.7 scale model of a lift/cruise fan configuration (Reference 1) which 
is based on thrust vectoring nozzles as opposed to tilting nacelles. 

The induced lift effects for the two configurations are quite comparable 
with the present configuration having somewhat greater induced lift for 
typical STO lift-off conditions. 

The present combination of T-tail height and lift/cruise fan inlet 
length has a varying effect upon the longitudinal stability of the 
mod i f i ed T-39 configuration. The configuration stability is very de- 
pendent on nacelle tilt angle, angle ol attack, and thrust level. The 
longitudinal stability is adequate for the cruise configuration and 
degrades at some combinations of high nacelle Lilt angle and high 
angle of attack. The control available using thrust transfer is more 
than adequate to handle the longitudinal moments. Horizontal tail 
control effectiveness is near the theoretical value for the cruise and 
CTOL configurations where the tail is required for control. 

Directional stability is good in the VTOL mode at high angles of attack 
and degrades at lower pitch angles. 
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2.0 INTRODUCTION 

NASA has undertaken the development of a Lift/Cruise Fan Research 
Airplane to provide a technical data base from which a Navy type "A" 
V/STOL aircraft and possible civil aircraft can be designed with con- 
fidence. The Navy requires a type "A" mul ti -mission V/STOL aircraft in 
the late 1900's which is capable of sea control operations from many 
small ships as well as ship-to-shore and shore-to-ship functions. The 
Lift/Cruise Fan concept exhibits an excellent potential for a type "A" 
aircraft because of its high speed, high altitude and range capabilities 
coupled with its ability to operate from small ships. 

As a part of the NASA program, a contract was awarded to the Boeing 
Company to design, fabricate, and wind tunnel test a powered model of 
a modified T -39 Lift/Cruise Fan Airplane based on a tilt nacelle 
concept. The objective of the test program was to define the handling 
qualities of the T-39 configuration during hover in ground effects 
and at forward speeds out of ground effects. Static ground tests were 
conducted in the Boeing Static Test Facilities. Wind tunnel tests were 
conducted in the Boeing 9' Low Speed Wind Tunnel. Four configurations 
were tested. These include: 

• A VTOL configuration with flaps deployed, gear down, and engines 
tilted to 80°, 90°, and 95°. 

• An STOL configuration with flap and gear down and engines tilted to 
50°. 

• A CTOL configuration with flaps and gear down and engines not 
ti lted . 

• A loiter configuration with flaps and gear up and engines not 
tilted. 
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In accordance with the terms of NASA contract NASP-9178, this document 
is submitted as the final technical report. Presented herein is a 
description of the contract test program and of the analysis of the 
test results. The data acquired during the contract test program are 
included in Appendix "A". Details of the thrust calibration of the 
turbo-powered simulators are included in Appendix "B". Data reduction 
details are included in Appendix "C". 
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3.0 NOMENCLATURE 


The ensuing list of definitions in most instances include two symbols. 
The first is the conventional symbol while the second represents a com- 
puter name appearing on the machine plotted data of Appendix "A". Units 
are presented in the SI system followed in parenthesis by the British 
Gravitational units. 


b, B 

c, C, MAC 
Cj, CJT 


CFR 


- wing span, centimeters (inches) = 127.3 (50.11) 

- mean aerodynamic chord, centimeters (inches) = 24.02 (9.46) 

- thrust coefficient = Fg/qS. CJA, CJB, and CJC are the 
thrust coefficients of each individual propulsion unit 
Fan A, Fan B, and Fan C (see Figure 2) "Cj = RAM" is 
defined in Section 5.3 

- ram force coefficient = ram force/qS. CFRA, CFRB, and 
CFRC are the ram force coefficients of each individual 
propulsion unit 


The following group of stability axis coefficients includes all forces 
and moments on the model (i.e., aerodynamic, thrust, and ram). 


C L - lift coefficient = L/qS 

C D - drag coefficient = D/qS 

C pM - pitching moment coefficient = PM/qSc 

p - side force coefficient = SF/qS 

i „. - yawing moment < oH I icient YM/qSb 

YM 

C nu - rolling moment coefficient = RM/qSb 

RM 
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This next. group of s t.vih i 1 i t .y axis roof f i < ionts and ratios endinn in 
"A" denotes aerodynamic forces and moments. That is, the direct thrust 
and ram forces and moments have been removed (see Figure C.l). 


C. , CLA 

l a 

- aerodynamic 

C n , CDA 

- aerodynamic 

C pM , CPMA 
A 

- aerodynamic 

C qP , CSFA 
A 

- aerodynamic 

Sty CYMA 

- aerodynamic 

c rm a ’ crma 

- aerodynamic 

I a /F g , la/fgt 

- aerodynamic 

[) a /f g , da/ f gt 

- aerodynamic 

PM a /F g c, pma/fgt*c 

- aerodynamic 

SF a /F g , sfa/fgt 

- aerodynamic 

YM./F„b, YMA/FGT*B 
A b 

- aerodynamic 

RM./F r b, RMA/FGT*B 
A b 

- aerodynamic 


lift coefficients = L^/qS 
drag coefficient = D^/qS 
pitching moment coefficient = PM^/qSc 
side force coefficient = SF^/qS 
yawing moment coefficient “ YM^/qSb 
rolling moment coefficient = RM ft /qSb 
lift ratio 
drag ratio 

pitching moment ratio 
side force ratio 
yawing moment ratio 
rolling moment ratio 


0 


f g , FGT 


FPR 

h, HGT 


- drag, newtons (pounds) 

- highlight diameter, centimeters (inches) 

= 15.66 (6.164) 

- total gross thrust of all three propulsion units 
= FGA + FGB + FGC, FGA, FGB ant FGC represent the 
gross thrust of each individual propulsion unit, 
newtons (pounds) 

- fan pressure ratio = Py /P 

o 

- height of model reference point above ground plane 
(see Figure 2), centimeters (inches) 
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h/c, HGT/C 



PM 


q, Q 


RM 

s 


SF 

V/ Vj 

YM 

a , ALPHA 
8 , BETA 

A , LAMBDA 


♦ 


U2 UFfJVC 


COMI'ANV 


- ratio of model ground height to mean aerodynamic 
chord 

- lift, newtons (pounds) 

2 

- total pressure downstream of fan, newtons/meter 

(psf) 

- wind tunnel test section static pressure, newtons/ 

2 

meter (psf) 

- pitching moments , newton meters (ft-lbs) 

- wind tunnel test section dynamic pressure, 
newtons/me ters^ (psf) 

- rolling moments, newton meters (ft-lbs) 

2 2 

- wing reference area, centimeters (in ), * 2808 
( 435 . 17 ) 

- incidence of horizontal tail - degrees 

- side force, newtons (pounds) 

- ratio of freestream velocity to fan efflux velocity 

- yawing moments, newton meters (ft-lbs) 

- angle of attack of body axis, degrees 

- angle of sideslip of body axis, degrees (positive 
nose left) 

- lift/cruise fan tilt angle relative to body axis 
degrees 

- downwash gradient at horizontal tail, d£/da 
(e positive for downflow at tail) 

- angle of roll relative to ground plane (posisi; c 
right wing down) , degrees 
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Notes: (1) The moment reference center is at the station of .3c, F.S. 

60.95 cm (23.994) and at water line 22.68 cm (8.93 in). 

(2) The sign convention for forces and angle r is given in 
Figure C.5 of Appendix C. 
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4.0 TEST PROGRAM 


4.1 Model Description 

The .094 scale model represented a V/STOL technology demonstrator 
airplane based on a modified T-39 (Model 104 1- 135-2R of Reference 2). 
The modifications include: 

• F/.panding the forebody to house a lift fan 

• Replacing the T-39 engine pods with tilting lift/cruise fan pods 

• Raising the stabilizer to a T-tail position 

• Replacing the gear with A-4 gear 

• Adding a flap door to provide clearance for the lift/cruise fan 
efflux when the nacelles are tilted to the hover position. 

The model was sting-mounted, which necessitated some distortion of the 
aft fuselage to allow sting clearance (see Figure 1), and was supported 
on a six-component strain-gauged, "flow-thru" balance (illustrated in 
Figure 3 and discussed in Reference 3). 

Figure 2 shows the model in its various configurations and gives the 
principal dimensions. The top view depicts the CTOL configuration, 
with the nacelles at X = 0° and the front fan doors open; the side 
vi .* depicts a VTOL configuration, showing the nacelles at X * 90°. 

The flaps and flap doors are shown extended in tie VTOL configuration. 

Three Technology Development Inc. 14 cm (5.5 inch) diameter tip driven 
fans were used to simulate the propulsion system. One of these units 
is shown, disassembled, in Figure 4 and a description is found in 
Reference 4. The units were furnished by NASA for this test program. 
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Each fan was rated at 35000 RPM with a design fan pressure ratio of 
1.25. At this rating each had a fan airflow of 2.5 kg/sec (5.55 lbs/ 
sec) and used .5 kg/sec (1.1 lbs/sec) of drive air. For the purpose of 
this test, they were operated up to a maximum of 30000 RPM. The drive 
air was supplied to the model at 41.4 bars (600 psig) and heated to 
71°C (160°F) to prevent icing at the turbine exit. Remotely controlled 
valves and critical-flow venturi meters located within the model were 
used to control and monitor the airflow to each individual fan (Figure 
5). 

The high pressure air supplied to the L/C nacelles was divided into two 
portions, one part for driving the fan and the other for simulating the 
primary exhaust efflux. Since both portions were always choked the 
simulated primary weight flow varied in direct proportion to the fan 
supply weight flow. The primary air was passed through a choke plate 
and screens to obtain a uniform total pressure distribution and repre- 
sentative pressure ratio before exhausting from the primary nozzles. 
Figure 6 shows details of the lift/cruise nacelle assembly. Each 
nacelle can be pre-set to various tilt positions, representing v Hous 
flight configurations. A serrated interconnection allowed anguk 
settings in increments of 5°. The limits of angular rotation were 
determined by instrumentation cables and tubes which were routed out 
of the nacelle around the periphery of this connection. This allowed 
rotation from A = 0° (aligned with the model axis) to A = 105°, with 
the pivot point located at fuselage station 82.93 cm (32.65 inches) and 
water line 30.53 cm (12.02 inches). 

The external lines of the nacelle were generated to represent those of 
the technology demonstrator having Allison PD 370-16 engines installed. 
The model scale was selected such that the fan exit area was scaled 
exactly. A more complete description of the design process is included 
in Appendix "B" which describes how the inlet contours were chosen and 
gives details of the nacelle ordinates. Appendix "B" also describes 
the instrumentation in the nacelle. The external cross-section of the 
core engine cowl was elliptical as indicated by the shading in Figure 6. 
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This was done on the assumption that the engine accessories could be 
distributed between the top and bottom of the core engine. 

Fairings were used to cover the Lift/Cruise Fan nacelle pivots, 
instrumentation connections and air supply lines. These fairings are 
not completely representative of the full scale airplane. Part of each 
fairing was attached to, and rotated with, the nacelle and part was 
attached to the fuselage. These fairings are shown detailed in Figure 7. 
In order to determine the aerodynamic effect of the fairing attached to 
the nacelle, it was removed for one test and the leading edges of the 
nacelle fittings were faired with modelling clay as shown in Figure 7. 

Yaw vanes were located at the fan nozzle exit for thrust deflection and 
are shown in their undeflected position in Figure 6. The vane chord was 
35.56 cm (14 in) full scale and its section was that of a NACA 0012 air- 
foil. The pivot point was at 10% of vane chord with the vane leading 
edge located at the fan exhaust plane. Deflection angles of 0°,±10°, 
and +20° were provided. 

Details of the nose fan installation are given in Figure 8. The nose 
fan was located as low in the fuselage as possible in order to allow 
length for development of the inlet contours. The fuselage forebody 
was hand-worked to provide the desired inlet shape. Sections of the 
inlet are presented in Appendix "B". 

The nose fan inlet doors, which when closed form the upper surface of 
the airplane nose, are shown diagrammatically on Figure 8 in the open 
a"'! closed positions. When the doors were in the open position, they 
were stowed at the sides of the fuselage as shown. Parts were provided 
to test both open and closed configurations. 

The nose fan exit doors which, when open, can be deflected to provide 
thrust vectoring for yaw control are shown in the open position in 
Figure 8 . The outboard doors opened towards the airplane plane of 
symmetry and the inboard doors opened from that pi ane outwards to form 
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the projections shown. A disc was provided to fair and seal the exit 
when a "door-closed" configuration was tested. 


The basic T-39 model airframe was defined in accordance with the 
Saberl iner Speci fications Document (Reference 5) with additional con- 
sideration of measurements taken from a full scale T-39. Winy and tail 
planfonns and section definitions are presented in Figures 9 and 10. 

The model wing was positioned .38 cm (.15 inches) lower relative to the 
fuselage than full scale airplane definitions indicated. This had the 
effect of increasing the body depth in the vicinity of the wing and was 
done to provide more space within the model for structure and instrumen- 
tation. The wing dihedral was 3.15°. The wing was twisted linearly 
from zero incidence at the root to -2.9° at the construction tip. The 
Lip of the vertical fin was modified to support the horizontal stabilizer. 
A NACA-0010 airfoil section was used for the vertical fin. The airfoil 
section of the all new horizontal stabilizer varied linearly from a 
NACA-0010 airfoil at the tip to a NACA-0015 airfoil at the root. The 
stabilizer had an anhedral of 9°. 


The basic high li J 't system (i.e., slats and flaps) were positioned in 
accordance with measurements of a full scale airplane in their fully 
deployed position. The slats and flaps were unchanged throughout the 
test with the exception of tests of the loiter configuration at which 
time the slats and flaps were nested. The flap doors, designed to 
provide clearance for the lift/cruise fan efflux, were deflected for 
tests of the hover onfiguration when X was 90° or greater and re- 
tracted for all other tests. 


No transition grit was used on the model for any of the tests reported 
horoi ... 


13 


rnr 


< i » tv t'ANt 


4.2 Tes L Fac N i ties 

All tests were conducted in Boeing facilities located in Seattle, 
Washington. The facilities involved are described briefly below. 

4.2.1 Flight Simulation Chamber (FSC) 

Preliminary calibrations of the model fans were conducted in the Boeing 
Wind Tunnel Flight Simulation Chamber. This facility was developed 
over a period of years specifically for the purpose of calibrating 
wind tunnel model propulsion simulators. The facility includes thrust 
and mass flow measuring systems and allows for variation of back pres- 
sure by means of evacuating the chamber into which the thrust simulator 
discharges. A schematic of the chamber is shown in Figure 11. A 
detailed description of the facility is presented in Reference 6. 

4.2.2 Boeing Static Checkout Area 

All of the static hover tests were conducted in this facility. The 
primary use of this area is for checkout of models being prepared for 
tests in the Boeing Transonic Wind Tunnel. This facility is essentially 
a 8.5m x 12.2m by 4.0m high room (28 ft x 40 ft x 13 ft) as shown in 
Figure 12, equipped with a model support system providing for pitch and 
vertical translation of sting mounted models. The model is controlled 
from an adjacent control room with visibility provided by both a window 
and closed circuit television. Instrumentation outputs are carried to 
the Boeing Supersonic Wind Tunnel Bata System by means of a permanent 
hardwired interconnect. Both on-line and final data reduction are 
accomplished by the wind tunnel central computing system. The model 
was installed in approximately the center of the room with the model 
axis aligned with the longer (12.2m) room dimension. The room floor 
served as the ground plane. 

4.2.3 Boeing 9 ' -B Low Speed Wind Tunnel 

The wind tunnel testing was conducted in the 9* -B Low Speed Wind 
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Tunnel located at the Propulsion Laboratories' North Boeing Field Test 
Complex. The 9 ' -B LSWT is an open circuit wind tunnel which draws air 
directly from the atmosphere through a test section 2.59 meters (102 
inches) high by 2.67 meters (105 inches) wide. A schematic of the 
tunnel is shown on Figure 13 and a view of the model installed in the 
tunnel is shown in Figure 14. The tunnel is powered by an Allison model 
501-D13 gas turbine engine using a variable pitch propel lor. Flow 
straighteners and screens are located in the tunnel inlet to minimize 
the effect that atmospheric wind conditions have on the tunnel flow 
profile. Tunnel velocities can be varied from 0 to approximately 180 
knots. The tunnel is equipped with a sting support system mounted in 
the aft portion of the constant area section of tunnel. The motion of 
the support system is in the horizontal plane such that the model wings 
are in the vertical plane as shown in Figure 14. 


The 9 ' -B LSWT Data System was used for recording the data on magnetic 
disc. The Acquisition System is a software controlled, Boeing designed 
Standard Digital Data System (SDDS). A PDP-8 computer is used for 
system control and on line "quick-look" data calculation with CRT out- 
put. A PDP-8/I is used for on/off-line final data calculation. 


15 



THE 




rjMi'ANY 


4.3 Test Conditions and Procedures 


4.3. 1 Test Conditions 

The model was tested in four basic configurations. These are defined 
as follows: 


• A VTOL configuration with flaps deployed, gear down, and engines 
tilted to 80°, 90° and 95°. 

• A STOL configuration with flaps and gear down and engines tilted 
to 50°. 

• A CTOL configuration with flaps and gear down and engines not 
tilted. 

• A loiter configuration with flaps and gear retracted and engines 
not tilted. 


The conditions under which each was tested are summarized in Figure 15. 
Included are lift/cruise fan tilt angle, forward speed, thrust, pitch 
and sideslip angle, stabilator angle as well as component effects. In 
addition, the VTOL configuration was tested with differential thrust, 
side-to-sidp and fore and aft, representative of thrust control varia- 
tions. Only the VTOL configuration was tested statically. Test condi- 
tions for the static test included: engine tilt angles of 80°, 90°, and 

9 pitch angles of -5°, 0°, r >°, 10°, and 15°; roll angles of-5° and 
-10°; ground height variation from .12 meters (4.7 inches) to 1.83 
meters (72 inches). 

4.3.2 General Procedures 

The model fjns were supplied with high pressure air from a plenum inside 
the model. This plenum is essentially part of the internal balance 
and the pressure level in the plenum has some effect on the balance 
outputs. The balance plenum pressure was always set and maintained at 
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a level of 41.4 bars (600 psig) for all tests, fan calibrations, and 
balance calibrations. This procedure is standard with this type of 
balances and insures that the measured force levels are not influenced 
by balance pressure tares. Since the individual fan control valves are 
downstream of this plenum there is still complete control of fan thrust 
without varying the balance plenum pressure. 

The high pressure air used to drive the fans was pre-heated to eliminate 
icing problems. During the initial calibration it was determined by ob- 
servation of the fans that the minimum supply air temperatures at which 
visible ice would not form was about 71°C (160°F) as measured in the 
balance plenum. This temperature was used for all further testing. In 
the colder environment of the open circuit wind tunnel, it was in- 
frequently observed that under some conditions ice could be seen on the 
fan shroud between stator blades. This condition would only last for a 
few minutes when the ice would fall off. 

Since warmed air W3S being carried across the internal balance it was 
necessary to establish procedures to minimize balance zero drift. 

During the static test, it was found that by pre-warming the balance 
to about S4°C (130°F) prior to recording zeros, the problem of balance 
output drift was minimized. However, during the wind tunnel test it 
was not possible to maintain the balance at this temperature during a 
run because the heat input from the warmed air was not adequate in the 
presence of the large heat transfer from the model to the tunnel stream. 
This resulted in greater thermal gradients and consequently greater 
balance output drifts than those occurring during the static tests. 

A serious problem in measuring fan exit total and static pressures 
occurred during the static test. Erratic readings were observed and 
were eventually traced to an accumulation of fan lubricating oil in 
the pressure measuring lines. This problem is apparently related to 
the large quantity of oil-mist which must be supplied to the fan bearings. 
The oil-mist is blown into the bearing cavity and subsequently flows out 
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into the fan air stream ahead of the pressure instrumentation. Because 
of this problem, RPM rather than pressures was used to reduce the 
static data. For the wind tunnel data it was not considered adequate 
to rely on RPM in the presence of the substantial levels of fan flow 
distortion and back pressure variations expected during forward speed 
operation at large nacelle tilt angles. The pressure measuring problem 
was eliminated for the wind tunnel tests by replumbing the model to 
utilize external rather than internal pressure scanning valves. This 
allowed the use of an existing system which is designed to blow dry 
nitrogen from the pressure scanner back through the pressure lines to 
remove any foreign matter. This is accomplished by an automated system 
during the off-shift and on this test every pressure measuring line was 
blown out after each day's testing. This procedure was sufficient to 
solve the problem since some time was required to accumulate sufficient 
oil to cause a problem. 

4.3.3 In-Place Fan Calibrations 

During both the static and wind tunnel tests, the fans were calibrated 
in place. 

In the static test facility this calibration consisted of positioning 
the complete model at about 1.8 meters (72 inches) above the floor and 
at an angle of attack of 15° to minimize the ground effects within the 
constraints of the support system. Each fan was then run separately 
(lift cruise fans tilted to their 90° position) to determine the relation- 
ships between RPM and thrust as measured by the internal force balance. 
(Ihrust. was also computed Irom fan pressure instrumentation but due to 
instrumentation difficulties this data was not utilized for the static 
test data reduction.) The fans were run at thrust levels up to about 
400 newtons (90 lbs). 

In the wind tunnel, simi 1 ar calibrations were run with the exception 
that the fan efflux was directed into a scavenging pipe which directed 
it outside the test section. This prevented re-circulation of the fan 
flow around the model and also prevented the inducement of a flow 
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velocity through the wind tunnel by the ejector action of the fans. 

The pressure instrumentation difficulties of the static test had been 
solved and the calibrations were used to relate the forces measured by 
the internal balance to those computed from the fan exit pressure 
instrumentation. 

The above calibrations established the basis for determining thrust 
during actual tests. In addition, a variation of thrust coefficient 
with back pressure was included in the data reduction. This relation- 
ship had been established during the initial calibration of each fan 
in the Flight Simulation Chamber. 

The calibrations are described in greater detail in Appendix "B". 

4.3.4 Static Test Procedure 

For the static testing the model was initially positioned with the 
landing gear clear of the ground plane by about .25 cm (.1 inch). Each 
fan was set at a specified RPM value selected to give the desired tnrust 
level. The lift/ cruise fans were generally set to give about 350 
newtons (79 lb) thrust each. This amount of thrust corresponds to a 
fan pressure ratio of 1.14 whicn matches the full scale airplane value. 
The nose fan was set to give an approximate pitching moment trim about 
the moment reference center. This value was computed from geometric 
considerations and varies with nacelle tilt angle as shown in Figure 
16. Certain runs were also made with the thrust intentionally un- 
balanced, either side to side or fore and aft. 

The model was then traversed away from the floor with periodic stops 
for pressure stabilization and data recording. Constant angle of 
attack was held throughout a height traverse. Due to ground effects, 
the thrust levels (especially of the nose fan) tended to change some- 
what with height above the floor. No attempt was made to maintain 
the original thrust levels. The control parameter was tip turbine 
supply pressure which was maintained constant during height traverses. 
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4.3.5 Wind Tunnel Test. Procedures 

In general the desired variations in thrust coefficient (Cj) were 
obtained by changing the tunnel speed at a constant fan thrust setting. 
The predominant thrust setting used corresponded to a fan pressure 
ratio of about 1.14. The tunnel speeds run were in the rarge 33 to 62 
m/sec (65-120 kts) giving a Cj range of about 1.8 to 5.5 and corres- 
ponding to a Reynolds number range from .6 million to 1.2 million based 
on the model reference chord. However, partway through the test a 
model structural problem was discovered which required limiting the 
tunnel speed to about lb m/sec (90 kts) compared to the previously 
selected maximum of 62 m/sec (120 kts). Thereafter the lowest Cj value 
(Cj = 1.8) was run at a fan pressure ratio of about 1.10 while for all 
higher Cj values the FPR = 1.14 setting was maintained. 

The upper Cj limit of 5.5 was selected based on considerations of tunnel 
flow breakdown. While time did not permit a detailed study of that 
limitation, observations were made of tufts on the tunnel walls at 
several fixed angles of attack as Cj was gradually increased. These 
runs were made with the nacelle tilt angle set at 90°. It was observed 
Lh.it the flow on the tunnel wall beneath and behind the mod.il became in- 
creasingly rough as Cj increased. At V = 33 m/sec (65 kts, Cj = 5.5) 
the region of rough flow had moved forward to a position under the 
model tail but there were no significant areas of reversed flow. How- 
ever, when the speed was lowered to about 31 m/sec there were large 
areas under the model where the flow was actually reversed. This was 
interpreted as a "flow breakdown" situation representing a region where 
valid free air testing was not possible, in no case was the tunnel flow 
observed to "climb the sidewalls" as has been observed by others for 
f low breakdown situations. It is worth noting that the test limit 
determined by this method is in good agreement with a detailed flow 
breakdown study presented in Reference 7. 

The thrust balance among tne three fans was generally set to provide 
approximate moment trim about the moment reference center for the 
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pressure values to allow for thrust changes e* at r. yrtamlc moments re- 
sulting from forward speed. 

In general , angle of attack series were tjfcw with angle Increasing 
from -8° to + 30°. It was noted that some ny-aeresls existed and that 
for certain configurations this effect was appreciable. This phenomenon 
was not explored In any detail and In general the data presented are 
all on the same side of the hysteresis loop. 
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4,4 Thrust Bookkeeping 

The thrust subtracted front the measured forces was calculated differently 
In the resolution of wind tunnel data compared to static test data. In 
the static test, nozzle total pressure data were not reliable, and thrust 
was obtained from a calibration against fan corrected speed. In the wind 
tunnel, pressuie data were reliable and thrust was calculated from 
nozzle total and static pressure measurements. As a result, full scale 
engine thrust calculations must be performed differently when they are 
to be combined with model wind tunnel aerodynamic data as compared to 
static ground effects data. 

When applied to wind tunnel data, full scale thrust must reflect the 
effect of nozzle back pressure on engine performance. This requlus 
knowledge of back pressure vs. nacelle attitude and airspeed, and the 
response of the engine to back pressure changes. 

During static testing, corrected speed did not vary with height, there- 
fore calculated thrust did not vary either. However, there was some 
evidence, particularly on the nose fan, that nozzle back pressure varied 
In ground effect. Any effect on actual fan thrust would therefore show 
up as an aerodynamic ground effect on the airframe. Therefore, where 
static model data Is used for full scale predictions. It should be 
combined with full scale thrust out of ground effect. The result Is 
valid If the model and full scale fans react similarly to Increasing 
nozzle back pressure. 
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4.5 Data Acquisition 

The data acquired during the wind tunnel test program Included: 

• Model force and moment measurements (axial force, normal force, 
side force, and moments about the pitch, yaw and roll axis) from 
an internal, flow-thru, strain gauge balance. 

• Balance temperature as well as the temperature and pressure within 
the balance plenum. 

• Jet efflux total pressure, static pressure and total temperature. 

• Pressure and temperature of the individual air supplies to power 
the three turbo-powered simulators. 

• Simulator inlet total pressures at the forward (or lower in the 
case of the lift/cruise fans when not tilted) azimuth as well as 
inlet static pressure. 

• Simulator RPM and bearing temperature. The bearing temperature 
was monitored but not recorded. 

• Test section conditions including static and total pressure and 
total temperature. 

t Model pitch and side slip angles during wind tunnel tests and ground 
height, pitch and roll angle during static ground tests. 
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5.0 TEST RESULTS 
5.1 General Remarks 

The results of the static hover and wind tunnel tests are presented in 
the following sections. In general the results are presented in terms 
of forces and moments which have had the direct thrust and ram forces 
removed. The resulting forces are given the subscript "A" (e.g., C[_^) 
for "aerodynamic". There are several reasons for presenting the data 
in this form as summarized below. 

1.0 It is not always possible to exactly balance the two lift cruise 
fans. This can introduce rolling and yawinq moments which must 
be removed in order to reveal the aerodynamic contributions. 

2.0 The nose fan thrust was not exactly constant with angle of attack. 
This introduces a variation of pitching moment with angle of 
attack which is best removed to reveal the aerodynamic forces. 

3.0 The ram force at a given Cj is not exactly representative of the 
airplane value. This occurs basically because of the mass flow 
added to drive the tip turbine and because of exhaust temperature 
differences between the model primary and the actual engine 
exhaust. Removing ram forces from the wind tunnel data facilitates 
correction to actual airplane ram force levels. 

The relationship of the aerodynamic forces to the total model forces 
is illustrated in Figure 17 for a forward speed case representing a 
typical STOL liftoff condition. It Is seen that the aerodynamic forces 
are small relative to the overall model forces. The aerodynamic data 
therefore represent the difference between two large numbers (total 
forces minus thrust and ram forces). This of course has an effect on 
the relative accuracy which can be achieved in the aerodynamic data. 

In using the data to predict airplane performance the "thrust-drag" 






bookkeeping system must be taken Into account and It should be noted 
that there is a difference between the systems used for static data 
compared to that used for wind tunnel data. In using the static data 
the full scale thrust "out of ground effect" should be applied since 
the backpressure effect on thrust is already included in the data. 
However, in using the wind tunnel data any effects of backpressure on 
the full scale fan performance must be taken into account in the propul 
sion data used since the thrust removed from the wind tunnel data was 
based on actual measured backpressure. This subject is discussed in 
more detail in Section 4.4. 


When using the "aerodynamic data (C. , C n . etc.) contained herein to 

l a u a 

determine total forces on the configuration, the reverse 

of the wind tunnel data reduction procedure is applied. Unless identi- 
fied otherwise, the aerodynamic data presented were determined with the 
distribution of thrust Indicated in Figure 16. If this is the condition 
of interest the coefficients plotted can be used directly. If a dif- 
ferent thrust distribution is being considered, the data concerning 
thrust distribution effects (e.g.. Figure 31) can be used to determine 
an adjustment to the basic (e.g.. Figure 30) data. The components of 
direct thrust and ram force for each of the three fans can then be added 


to the aerodynamic data to give total forces. In adding ram moments 
equations, C.ll through C.13 can be used. Typical measured ram forces 
from the wind tunnel data are summarized in Figure C.3. However, in 
predicting airplane forces It Is recommended that ram forces more re- 
presentative of the flight propulsion system be used. 
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5.2 Static Hover Characteristics 


5.2.1 Effect of Ground Height for Level Model Attitude 

The effect of the ground on the induced forces for the basic VTOL 
configuration ( X = 90°) is shown in Figure 18 for zero pitch and roll 
angles. It should be noted that all of the data plotted represent 
repeat runs of the same configuration. This was treated as a control 
configuration to establish repeatability. It is seen that all four 
runs have the same shape while one of the four is displaced by about 21 
from the others. This shift was apparently associated with measuring 
accuracy and probably is not unique to this run. In interpreting the 
subsequent plots, where multiple runs are not available, this a^uracy 
limitation on level must be considered. Since curve shapes are apparently 
not much affected, the magnitude of the gound effect can be determined 
as an increment from the free air level measured on the particular run 
involved. 

It is seen in Figure 18 that the induced forces on this configuration 
are small. Based on the three consistent runs the lift force is within 
about ±2% of the direct thrust component depending on ground height. 

The regions of positive lift are associated with the "fountain" which 
fotms under the model as the three jets impinge on each other as they 
spread out on the ground plane. 

It is seen that at the largest ground height tested (h/c - 5) the 
induced lift is negative and equal to about 2% of total gross thrust.. 
Subsequent tests run with the model inverted to give a more certain 
"free air" condition have confirmed this 2% negative Induced lift. 

Since the fans were Installed on the model during calibration and were 
run individually, this indicates that when all three fans are run 
simultaneously, the lift realized is 2% less than the sum of the in- 
dividual fan contributions to lift. 
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The free air region extends down to about h/c * 3.3 (h * 8.4 meters 
for the full scale T-39 demonstration) below which the ground effect 
begins to produce a lift increase. The beneficial ground effect peaks 
out at about h/c = 2.3 and then decreases gradually until at h/c * .8, 
the lift is back to the free air value. 

The induced "drag" (longitudal force) and pitching moments are small. 

The negative slope of pitching moment vs. height is apparently associated 
with a rearward displacement of the point of impingement of the fountain 
on the model. This would be expected from geometric considerations 
since the nose fan is pointed 14° rearward. The induced pitching 
moments of Figure 18 could be trimmed by changes in nose fan thrust of 
±4% (from the free air setting) combined with ± 2 % changes in L/C fan 
thrust to hold total thrust constant. 

5.2.2 Effect of Angle of Attack 

The effect of angle of attack on the induced forces is shown in Figure 19 
for the case of X* 90°. For positive angles of 5° to 15° the favorable 
fountain effect found at 0° does not occur while at a = -5° the 
magnitude of the favorable fountain effect has increased considerably. 
This effect is related to the location of the fountain as seen in the 
photos of oil flow on the ground shown in Figure 20. The projection 
of the model was drawn on the floor to help visualize the fountain 
location relative to the model. The dark line is an accumulation of 
oil at the stagnation point where the three jets meet. Figure 21 pre- 
sents a tracing from oil flow photos at various angles of attack. It 
is seen that the fountain moves forward with angle of attack and at 
<* = 5° it passes ahead of the wing and therefore produces little 
upward force on tie model. Oil on the lower model surface indicated 
that the ground oil pattern was in fact, indicative of the location of 
the fountain Impingement on the model. However, these model oil 
patterns were very faint and distinct photographs were not obtained. 

For the pitch range tested the greatest lift loss due to ground eifect 
Is about 3% of gross thrust relative to the free air lift level. 
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At a * 10°, and a * 15° the induced drag changes noticeably with 
height. This Implies that horizontal force trim will occur at combi- 
nations of a and X somewhat different than those calculated from 
direct thrust considerations alone. 

The effect of angle of attack at X = 80° is shown in Figure 22. The 
effect is similar to that found at X s 90°. As the model is pitched 
up the fountain moves forward of the wing and its effect is largely 
lost. There is, of course, a shift in the angle of attack at which 
the fountain is directly under the wing compared to the X = 90° case. 

5.2.3 Effects of Lift/Cruise Fan Tilt Angle 

The effects of tilting the lift/cruise fans upon the hover characteristics 

is presented in Figure 23. This effect is similar to that of changing 

pitch angle. Reducing the tilt angle to 30°, thereby causing the 

fountain to move aft, produced a lift increase similar to that occuring 

at a pitch angle of -5°. Increasing the nacelle tilt angle to 95° moves 

the fountain forward and thereby reduces lift as did an increase in ( 

pitch angle. Increasing the nacelle tilt angle to 95° also altered the 

pitching moment characteristics as did positive pitch angles. Namely, 

producing more negative pitching moments upon approaching the ground. 

5.2.4 Effect of Roll Angle 

Data for combinations of angle of attack and roll are presented in 
Figure 24 and 25. The effect of roll angles of 10° and greater is seen 
to be unfavorable on lift, especially for angles of attack greater than 
zero. At a = 10° and ♦ =-10° the lift reduction is about 4% of gross 
thrust relative to the free air lift for the same run. This Is the 
most adverse model orientation found on this test. 

I* 

The Induced side force tends to resist airplane motion that would be ! 

caused by a bank angle, thus providing a stabilizing Influence. The 
magnitude of this Influence, however, is quite small. For example, at 
♦ * -15°, the Induced side force is about 2 % of thrust. For combined 
pitch and roll, side force, which if. most affected by pitch changes, { 

28 


t iO UOU't 2 MB Off IG, Af / \ 







lliriASi ( mOWbM ***"' ■ 



TH« COMPANY 

only varies 2% for a 10° change in pitch. Induced rolling and yawing 
moment ratios change .01 or less for a 10° pitch variation. 

5.2.5 Pitch and Roll Control Capability in Hover 

The maximum pitch and roll control power in hover are shown in Figure 
26. This control capability is compared to the thrust induced aerody- 
namic pitching moments and rolling moments produced with a = 10° and 
# s -10°. In both cases, the available control power is substantially 
greater than the induced aerodynamic moments for that airplane attitude. 
The control power shown is that available when the total airplane 
thrust is held constant. The maximum nose up pitching moment is 
generated by increasing the full scale airplane nose fan thrust to 
maximum (2495 newtons, 11,150 lbs) while reducing the thrust of each 
L/C fan by half the nose fan increment. For each of the three fans, 
maximum thrust is determined by the fan blade pitch limit. For the 
Boeing 1041-135-2R configuration of a lift cruise fan V/ST0L airplane 
(Reference 2), the nominal thrust o * he three fans is: 

L/C = 2018 newtons (8975 lbs) 

Nose * 1877 newtons (8350 lbs) 

Therefore, the L/C fans are reduced to 1709 newtons (7680 lbs) thrust 
each when the nose fan is increased to maximum thrust. For maximum 
nose down pitching moment, each L/C fan is increased to maximum thrust 
(2495 newtons) while reducing the nose fan thrust by an amount equal 
to the total increase in L/C fan thrust. The nose fan thrust is 
therefore reduced to 922 newtons (4100 lbs). For roll control, one 
L/C fan is increased in thrust (up to the maximum) while the other 
L/C fan is decreased by an equal amount 

5.2.6 Static Test Result Summary 

In summary, the propulsion induced aerodynamic effects upon the hover 
configuration of the T-39 lift/cruise fan airplane are small and show 
no sudden changes with ground height, pitch, or roll. In free air. 
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there Is a 2* loss of lift due to running all three fans simultaneously. 
The largest lift loss due to ground effect occurs at a combination of 
10° of pitch and 10° of roll where lift is 4% of gross thrust below 
the free air value. From the induced aerodynamic moments observed 
during the static ground tests, the greatest variation in thrust of any 
one fan required for trim Is 7%. This variation is required of the 
front fan for pitch trim and assumes that the thrust of the two lift/ 
cruise fans is altered by 3.5% to maintain a constant level of total 
thrust. The variation is from a setting for trim in the static free air 
hover condition. 
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5.3 Jet Induced Aerodynamic Torces and Moments at Forward Speeds 

The presence of the nacelle and the fan efflux produce large interference 
forces on the model. These forces are a strong function of the thrust 
coefficient and the angle and location of the jet relative to the wing. 
This is essentially a jet-flap type of effect with the added complica- 
tion that the nacelle, at high X's represents a large bluff body. The 
data of the following sections are presented as a function of Cj, the 
total thrust coefficient of all three fans. Unless otherwise noted, 
the distribution of thrust among the three fans is as indicated by 
Figure 16. Some of the plots contain the notation *'Cj = RAM". This 
indicates that the gross thrust was set to a value approximately equal 
to the ram drag by adjusting the RPM until fan exit total pressure was 
approximately equal to free stream total pressure. 

5.3.1 Effect of Thrust on Aerodynamic Lift 

The induced effect of the propulsion system on lift is illustrated in 
Figure 27 for a value of thrust coefficient representative of STO lift- 
off. The direct thrust component has been subtracted from the data and 
the baseline run shown is the nacelles-off case. It is seen that the 
propulsion system induces an increase in the lift coefficient at all 
angles of attack. The maximum aerodynamic lift coefficient and the 
angle at which it occurs are both increased by the propulsion system. 

For both nacelle tilt angles shown ( X * 50° and X = 90°) the increase 
in maximum aerodynamic lift coefficient is about .28 which is a 19# 
increase Oom the nacelles-off value. 

The propulsion induced lift effects as a function of thrust coefficient 
are summarized in the following paragraphs. 

5 . 3.2 Effect of Thrust on Aerodynamic Lift at Constant Angle of Attack 

The effect of thrust coefficient on model aerodynamic lift at various 
X ’$ is summarized in Figure 28. For X * 0° the effect of Cj is seen 
to be small. It is slightly favorable when only the L/C fans are 
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operating and slightly adverse when. In addition to the L/C fans, the 
nose fan Is operated at about 30% thrust (the nose fan doors were open 
in both cases). 

When X is increased to 50° the lift at Cj = 0 is unaffected (although 
this may result from a trade of lift gain on the nacelles for lift 
loss on the wing). As Cj is increased a positive lift increment of 
about .4 is realized followed by a declining lift above Cj * 3 . 0 . The 
decrease at higher Cj's is apparently associated with the adverse 
effect of the nose fan thrust as will be discussed below. 

At X * 90° and Cj * 0 the nacelle causes a C|_ A loss of about .4 
relative to the level at X 3 0°, Cj * 0. The nacelle is very close 

to the wing trailing edge and its pressure field apparently prevents 

development of the normal flow over the inboard wing. As Cj is in- 
creased the C L ^ increases and at Cj * 5.5 it reaches a level about .6 

above the X = 0° level. At this point, the curve has become very 

flat and possibly would turn down at higher Cj due to the adverse nose 
fan effect. The beneficial effect of Cj extends to higher values at 
X = 90° (compared to X * 50°) apparently because of the relatively 
greater influence of the L/C jets at the higher angle. 

The adverse nose fan effect mentioned above is demonstrated in Figure 
29. In this case, the incremental induced lift due to nose fan thrust 
is plotted with the base level being the value of induced lift when 
the nose fan is set for static moment trim. The nose fan thrust values 
which result in static moment trim at each X are indicated on the 
plot. For the ST0L case ( X » 50°) it is seen that reducing the nose 
fan thrust to zero produces a Cl a gain of .3. The effect is similar 
at X * o° (note that the nose fan thrust used as reference level was 
lower at X * 0°). At X * 90° the range of nose fan thrusts tested 
was too small for good definition but a similar trend is indicated 
within the data accuracy. 

It is of interest to compare the present lift results with those of 
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Reference 1 which represent a large scale model of a somewhat similar 
configuration. Both configurations have a nose fan and two lift/cruise 
fans, however, the present configuration obtains thrust vectoring by 
tilting the L/C nacelles while the Reference 1 configuration utilizes a 
thrust vectoring exhaust nozzle. In order to make the comparison the 
data of the present test were converted to the form found in Reference 1. 
This Involves taking the difference In aerodynamic lift between a 
powered lift case and a reference case and dividing by the total gross 
thurst of the former. The reference case used, as in Reference 1, is 
with nose fan covered and L/C thrust undeflected at a large V/VJ value. 
The results are shown in Figure 30. It is seen that the propulsion 
Induced lift of the two configurations is similar. The present con- • 
figuration has somewhat higher propulsion induced lift at typical STO 
jet deflection angles. 

5.3.3 Effect of Thrust on Maximum Aerodynamic Lift 

The effect of thrust on maximum aerodynamic lift coefficient is shown 
In Figure 31. At A* 0° the effect of thrust is slightly beneficial 
when the nose fan is at zero thrust but is detrimental when the nose 
fan is set at a value which trims the static thrust moments. Increasing 
A progressively lowers (Cj_^ when the thrust is zero. As the thrust 
is increased at A * 50° or A ■ 90° a further decrease in (C^ wax occurs 
up to abiut Cj * 1.5 followed by a recovery of maximum lift at higher 
Cj value i. At the highest Cj values tested the maximum aerodynamic 
lift Is ir.'reased by about .2 compared to the A * 0°, Cj e 0 case. 

The effect of hrust balance between the L/C fans and the nose fan on 
the maximum aero 'namlc lift is shown In Figure 32. At A» 0° and 
A » 50° the nose >n thrust Is clearly detrimental to(C L/ ^ max while 
at A 90° the range o. nose fan thrust values tested was too small to 
reveal any effect on (C |_ M ) max . 
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5.3.4 Effect of Thrust on Aerodynamic Drag 

The effect of thrust on the aerodynamic drag <s illustrated in Figure 
33. In this case, the data have been plotted in terms of drag increment 
from the zero thrust case. This presentation is used because it is 
felt that the actual drag levels of the model must be adjusted for the 
non represen ta t i ve strut fairing as discussed later on tsee configuration 
component effects). 

Figure 33 shows that the effect of power is to increase the aerodynamic 
drag at a given value of aerodynamic lift. As Cj is increased, a 
limiting value of this adverse drag Increment is reached with both the 
limiting drag increment and the Cj at which It is reached being de- 
pendent on A . 

The effect of thrust balance between the nose fans and the L/C fans is 
shown In I igure 34. Compared to the very large effect of thrust level, 
it is seen that the thrust distribution has a relatively small effect 
on drag. For the CTOL case (A a 0°) Increasing the nose fan thrust 
ratio from 0 to .3 has a beneficial effect while the STOt case ( A * 50°“) 
shows an ac.erse effect of increasing nose fan thrust. The range of 
data at A * 90° Is too small to reveal any trends. 

5.3.5 Effect of Thrust on Pitching Moment 

The induced effect of thrust on the aerodynamic component of pitching 
moment is shown in Figures 35 thru 37 for tail-on and tail-off cases 
at various engine tilt angles. Some general observations will he made 
from these curves before summarizing the affects of power upon trim 
requirements and stability parameters in the succeeding paragraphs. 

When the nacelles are tilted (Figures 35 and 36) the pitching moment 
curves are seen to display a double break characteristic with a first 
nose-up break occurring at a lift coefficient between about .6 and 1.2, 
depending on nacelle tilt angle and thrust level, and a second break 
occurring at higher lift coefficient when the wing stalls. Kith the 
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nacelles not tilted (Figure 37), the break is not so prominent. In 
the following discussion reference to low Cl and high Cl will be used 
to indicate the regions which are, respectively, below and above the 
first pitching moment break. 

At X * 90° (Figure 35) it is seen that tne tail provides a large 
increase in stability at low Cl values but not at high Cl's. The tail 
contribution to stability at low Cl's is seen to Increase with Increasing 
thrust coefficient. 

At A = 50° (Figure 36) the tail -off configuration is seen to be stable 
at low C^ values. However, the tail contribution to stability in this 
case is much less than at A * 90°. Also the sensitivity of tail -on 
stability to power at low Cl's is greatly reduced at A = 50° compared 
to A - 90°. At higher Cl's the tail is seen to provide a stability 
increase at the high Cj values. 

In the loiter configuration, flaps up with A = 0°, an increase In 
thrust coefficient produces a small Increase in tall -off stability as 
seen in Figure 37. It is also seen that when the tail is on, an in- 
crease In Cj appears to have little effect on stability, as far as can 
be determined with the relatively small number of data points for the 
power-off case. This data represents the high speed end of the V/STOl 
flight envelope. For this case. It is Important that the tail provide 
all of the stability and control functions. It is clear that the tail 
is providing effective alpha stability. Trim requirements appear to 
be within airplane capability with the nose fan disengaged. 

5.3.6 Effect of Thrust on Trim Requirements 

Because of the high degree of non-linearity In the data (Figures 35 and 
36) any summary of trim requirements becomes dependent on the conditions 
chosen to perform the analysis. To Illustrate the effect 
of power and nacelle tilt angle on trim requirements, pitching moment 
will be summarized for a constant value of aerodynamic lift coefficient, 
Cl a ■ 1.0. 
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The effect of thrust on pitching moment for the tail off configuration 
is summarized in Figure 38. The result obtained for aerodynamic pitching 
moment is strongly dependent on the manner in which ram moments are 
accounted for. The method of removing ram moments has been described in 
detail in Appendix C. The effect of ram drag is to produce a large 
positive pitching moment proportional to Cj. It is seen in Figure 38, 
that for all values of X this moment is at least partially compensated 
by the negative value of aerodynamic pitching moment induced by thrust 
effects. For Cj below 3.0 at X » 50° the negative induced moment Is 
even greater than the positive ram moments with the result that the 
total moment is negative. For X = o° and nose fan inoperative, the 
total moments are nose down. By first removing the direct thrust moments, 
then removing the ram moments, it can be seen as stated above, that for 
this case also, the ram moments are positive and are partially offset by 
the negative aerodynamic moments. As discussed in Appendix C, the model 
ram force is less than that which will occur full scale at the same thrust 
coefficient. The required correction to full scale has been made for the* 
cases shown in I igure 38, as shown by the curves thus labeled in that 
figure. 

The moments resulting from ram forces and aerodynamic forces can be 
trimmed by varying the thrust distribution, by changing horizontal 
tall Incidence, or by some combination of these two methods. Figure 39 
illustrates the change in thrust disl.ibution required if the moments are 
trimmed entirely by ir«ans of thrust forces (the dr.ta shown are tail -off). 
An iteration was perfot.sed to allow for the fact that ram moment changes 
as the thrust distribution is changed. The ram moments used were those 
which had been corrected to full scale and it was assumed that the nose 
fan and L/C fan thrusts were collectively changed so as to hold total 
thrust constant. It Is seen that the nose fan thrust ratio reduction 
required for trim is about .10 at X s 50° and .20 at X * 90° relative 
to the static hover case. 

5.3.7 Effect of Thrust Upon Longitudinal Stability and Control Parameters 
Several longitudinal stability and control parameters have been evaluated 
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for the tested configurations and are summarized in Figures 40 thru 44. 
These include lift curve slope, neutral point location, horizontal tail 
effectiveness and downwash at the horizontal tail. It should be re- 
membered that only the aerodynamic characteristics are being analyzed in 
that the effects of thrust and ram forces have been excluded. 

The aerodynamic lift curve slopes are presented in Figure 40. The 
nacelles are shown to produce an increase in lift curve slope while in 
their untilted position. Tilting the nacelles degrades the lift curve 
slope. The effect of thrust is to increase lift curve slopes for the 
CTOL and STOL configurations, while it was found that thrust increases 
reduce the lift curve slopes of the cruise and VTOL configuration. 

As discussed in the previous section, the pitching moment curves 
exhibit a double break characteristic. Hence, evaluation of the aerody- 
namic neutral point location (i.e., the center of gravity position at 
which the aerodynamic contribution to static stability is zero) was 
conducted separately for low lift values (Figure 41) occurring below 
the first break in the pitching moment curve and for higher lift values 
(Figure 42) occurring between the first break and wing stall. The 
analysis was conducted only at low lift values for the VTOL configuration 
since the first break occurs at fairly high lift levels. Neutral point 
locations are presented with the horizontal tail set at zero incidence 
and with tail -off. For comparison, the neutral point location with 
nacelles and horizontal tail removed is also presented. At the lower 
lift levels (Figure 41) it is seen that for all tilt angles the complete 
configuration is more stable than the nacelles-off tail-off configuration. 
In all cases presented, the horizontal tail contributes to the stability. 
The smallest contribution made by the tail is at X = 50°. The 
stability of the cruise and STOL configurations is relatively insensitive 
to thrust increases, whereas the stability of the VTOL configuration 
is significantly increased at high thrust values. For high lift levels 
(Figure 42) the general trend with thrust for the cruise configuration 
remains the same. For X r 50° the complete configuration is slightly 
less stable than the nacelles-off tail -off configuration at low Cj 
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values and shows a further decrease in stability at thrust coefficients 
above 3.5. Comparison of tail-on versus tail-off for both the cruise 
and STOL configurations indicates that the tail still contributes to 
the longitudinal stability. 

Figure 43 presents the horizontal tail control effectiveness. The 
control effectiveness is the change in pitching moment due to changes 
in horizontal tail incidence OC pM /34). The figure compares the tail 
control effei tiveness measured in the test with a pre-test theoretical 
estimate, lor the cruise and STOL configurations, the tail effectiveness 
is near the theoretical value and is not appreciably affected by thrust 
variation. The tail effectiveness of the VTOL configuration is far 
below the theoretical level when power is off, but is shown to approach 
the theoretical level with increasing thrust. 

The downwash gradient at the horizontal tail is shown in Figure 44. 

This parameter was computed from the intercepts of the lower part of 
the plots of aerodynamic pitching moment as a function of angle of 
attack for horizontal tail -off and for horizontal tail -on *c two dif- 
ferent incidence angles. The intercepts of the tail-off and tail-on 
curves provide the angle of attack at which downwash is equal to the 
horizontal tail incidence. For the cruise and STOL configurations, an 
increase in thrust coefficient increases the downwash gradient while it 
decreases with thrust for the VTOL configuration. This relates to 
the previous discussion of neutral point location which showed that 
the contribution of the horizontal tends to diminish with thrust for 
the STOL configuration and tends to increase with thrust for the VTOL 
configuration. 



THE 


COMPANY 


5.4 Cross-Wind and Differential Thrust Effects 

The effects of differential thrust and sideslip upon the model in its 
VTOL configuration ( X = 90°) were investigated at sideslip angles of 
0°, 5° and 10° (Figures A. 7, A. 8, and A. 9 in Appendix A). Yawing moments 
are somewhat difficult to interpret due to large zero shifts in that 
balance component. This problem is illustrated in Figure 45 which shows 
yawing moments as a function of angle of attack for several configurations 
and sideslip angles with X - go 0 and Cj U . / . It is seen that the 
data at zero sideslip indicates a yawing moment coefficient of about 
+.03. However, the zero shifts encountered for the group of runs shown 
in the figure ranged from 0 to +.02 with a shift of +.015 being typical. 
This amount of uncertainty could well affect the interpretation of the 
data. Because of this problem, it is felt that the cross-wind character- 
istics are not definitive. Assuming, however, that the model had no, 
residual yawing moments at 8 = 0°, the data at both sideslip angles 
would indicate the configuration was stable in that mode over most of 
the angle of attack range with neutral stability at low angles of attack. 
The contribution of the vertical tail surface is marginally stabilizing 
at 0 = 5° and destabilizing at 8 = 10°. 

The lateral -directional static derivatives for the VTOL configuration 
at angles of attack near zero are shown on Figure 46. This analysis 
indicates that for the most part, the configuration is statically stable 
except for the directional stability. The directional stability is 
degraded by increased thrust but improves dramatically with angle of 
attack as shown on Figure 46 by the data at a * 8°. As mentioned above, 
if the model is assumed to have no residual yawing moments at 8 = 0°, 
the directional stability would be neutral to positive for all thrust 
values. This analysis is based on the data shown on Figure A. 10 thru 
A. 17 of Appendix A. The increments shown are the difference between 
the 8 = 0 ° and 8 = 5 ° data. 

The effect of differential thrust upon the model in its VTOL configuration 
was found to be negligible (Figures A. 7, A. 8 and A. 9 in Appendix A). The 
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thrust differential amounted to as much as a 20 % increase in the nose fan 
thrust from its nominal setting for the fore-and-aft differential, and a 
20% reduction in one of the lift/cruise fans for the side-to-side 
differential. In some cases, the differential was produced by increasing 
the thrust of one lift/cruise fan while reducing the thrust of the other. 
The differential thrust effects did not change with side-slip angle. 

Note that in Figures A. 8 and A. 9, the differential thrust effects were 
only explored near zero pitch angle. 
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5.5 Configuration Component Effects 

A limited amount of configuration buildup testing was performed as 
summarized in this section. The discussion will generally be limited 
to the lift and pitching moment effects because the drag data are 
generally not sufficiently accurate to allow comparisons of relatively 
small differences between configurations. Some of the drag data are 
discussed in a separate paragraph at the end of the section. 

5.5.1 Effect of Nacelles 

The effect of nacelles on the tail -off lift and pitching moment data 
is shown in Figure 47 and Figure 48 for the CTOL and loiter configura- 
tions, respectively. It is seen that the nacelles produce a negative 
change in lift at low angles of attack but increase the lift curve 
slope and result in an increase of about .13 in maximum lift coefficient. 
Tor both flaps-up and flaps-down cases, the nacelles produce an in- 
crease in tail -off stability. 

5.5.2 Effect of Flaps 

The effect of extending the trailing edge flaps and leading edge slats 
is shown in Figure A. 33 (Appendix A) for the CTOL configuration and 
Figure A. 37 (Appendix A) for the nacelles-off case. For both the 
nacelles-off case and the CTOL at ram thrust case, the increment in 
maximum lift coefficient due to flaps is about .50. The somewhat 
larger increment of .65 for the power-on case is due to a premature 
stall for the power-on flaps-up case. For the CTOL power-off and the 
nacelles-off cases, there is no change in stability due to flaps while 
the flaps are slightly stabilizing for the CTOL power-on case. It is 
noted that the negative shift in pitching moment due to flaps is much 
less with the nacelles on than for the nacelles-off case. 

5.5.3 Effect of Aileron Droop 

The effect of drooping both ailerons '5° on the STOL configuration Is 
shown in Figure A. 28 (Appendix A), k is seen that a gain in maximum 
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lift coefficient of about .2 was realized. 

5.5.4 Effect of Nacelles on Drag Level 

The effect of the nacelles upon drag for the ram thrust case is 
summarized in Figure 49 in terms of Cq a as a function of nacelle tilt 
angle. Two curves are shown, one for the basic nacelle strut and one 
for a modified nacelle strut. Out of necessity, a portion of the lift/ 
cruise fan nacelle strut was rotated with the nacelles during the wind 
tunnel test program to cover plumbing to the turbopowered simulators 
and the "blown" primary. Th.t fairing, which would not be present on 
the full scale airplane, had a large effect upon the drags of the STOL 
and VTOL test configurations. To assess the drag difference due to the 
fairing, a test run was made with the fairing removed and tape and wax 
applied to cover and fair over the exposed plumbing and instrumentation. 
The basic fairing and an indication of the wax fairing are shown in 
Figure 7. The reduction in drag coefficient due to removing the basic 
fairing amounted to about .15. A further reduction is anticipated if 
the plumbing and instrumentation and their fairing could have been 
eliminated. Also presented in Figure 49 is an estimate of the STOL 
configuration drag from Reference 9. It is seen that the estimated 
level is very close to the level measured on the model. This indicates 
that the estimate is probably conservative for the power-off case since 
the model drag level is believed to be subject to further reduction 
with a more representative nacelle strut fairing. 
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6.0 CONCLUSIONS 

1. Propulsion induced forces and moments measured during static ground 
tests were found to be small and showed no sudden changes with 
variation of ground height, pitch and roll. 

2. A hover lift loss of 2% of gross thrust was found for heights far 
from the ground. With the model in a level attitude, there was no 
additional lift loss due to ground effect at any ground height. 

The largest induced lift loss due to ground effect occurred at a 
combination of 10° of pitch and 10° of roll where a loss equal to 
5% of gross thrust was measured. 

3. Observed induced moments for static hover in ground effect can be 
trimmed with less than 7 % variation of nose fan thrust from the 
value for free air static trim. 

4. Usable propulsion induced lift for the STOL configuration was found 
to be 19% of the nacelles-off lift level. The increment is based 
on maximum lift. 

5. Drag levels measured with lift/cruise fans tilted are not 
representative of the drag of the full scale airplane due to 
non-representative nacelle struts which rotated with the lift/ 
cruise fans out of necessity to cover plumbing to the turbo-powered 
simulators. The aerodynamic drag tended to increase with thrust. 

6. Propulsion induced aerodynamic (wing) pitching moments were large 
nose-down moments with the lift/ cruise fans tilted. The ram 
moments are counteracting, thereby reducing trim requirements. 

7. The effect of the mcelles on longitudinal stability is very 
dependent on nacelle tilt angle, angle of attack, and thrust 
coefficient. In general, the nacelles tend to be stabilizing at 
low nacelle angles and destabilizing at the highest nacelle angles. 
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8. The effect of increasing thrust coefficient is generally to 
increase the longitudinal stability, especially at high nacelle 
tilt angles. 

9. The VTOL configuration has good directional stability at high 
angles of attack which degrades as angle of attack is reduced. 
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FIGURE 1 - VIEW OF MODEL MOUNTED IK STATIC TEST AREA 


















FIGURE 5 MODEL BASIC STRUCTURE 




FIGURE 6 ASSEMBLY OF L/C FAN NACELLE 
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FIGURE 7 DETAILS OF NACELLE/FUSELAGE FAIRING 
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FIGURE 9 MODEL PLANFORM DETAILS 
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FIGURE 15 UING TUNNEL TEST CONDITIONS 
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FIGURE 16 NOSE FAN THRUST REQUIRED FOR PITCHING MOMENT TRIM 

IN STATIC FREE AIR HOVER I 
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FIGURE 26 COMPARISON OF TYPICAL INDUCED PITCH AND ROLL MOMENTS 

IN STATIC HOVER WITH AVAILABLE PITCH AND ROLL CONTROL POWER 
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FIGURE 33 EFFECT OF THRUST COEFFICIENT ON DRAG 



FIGURE 34 EFFECT OF THRUST BALANCE ON DRAG 
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FIGURE 35 EFFECT OF THRUST COEFFICIENT AND HORIZONTAL TAIL ON 
LONGITUDINAL STABILITY - ) - 90° 
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FIGURE 36 EFFECT OF THRUST COEFFICIENT AND HORIZONTAL TAIL ON 
LONGITUDINAL STABILITY - X - 50° 
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FIGURE 40 EFFECT OF THRUST ON LIFT CURVE SLOPE 
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FIGURE 41 EFFECT OF THRUST ON NEUTRAL POINT LOCATION (LOW C. ) 
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FIGURE 45 VERTICAL TAIL EFFECTIVENESS 
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Vertical tail effectiveness 
LAMBDA = 90°, Cj = 5.5 


A. 18 

Effect of engine tilt angle 
Cj = 3.7 ground plane installed 


A. 19 

Effect of engine tilt angle 
Cj * 5.5, ground plane installed 


A. 20 

Effect of ground plane 
LAMBDA = 90°, C } = 3.7 


A.21 

Effect of ground plane 
LAMBDA = 50°, Cj = 1.8 


A. 22 

ST0L configuration characteristics 
LAMBDA = 50°, H. Tail off 
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STOL configuration characteristics 
LAMBDA * 50°, tail angle = 10° 
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Effect of horizontal tail 
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Effect of horizontal tail 
LAMBDA = 50°, Cj - 3.7 
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Effect of nose-fan thrust variation 
LAMBDA = 50°, tail angle = 0° 
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Effect of nose fan thrust variation 
LAMBDA = 50°, H. Tail off 


A. 28 

Effect of Aileron Droop 
LAMBDA = 50° 


A. 29 

Effect of landing gear 
LAMBDA = 50° 


A. 30 

CT0L configuration characteristics 
LAMBDA = 0°, H. Tail off 


A. 31 

Effect of landing gear 

LAMBDA = 0°, flaps down, power off 


A. 32 

Effect of landing gear 

LAMBDA * 0°, flaps down, power on 


A. 33 

Effect of flap and slat 
LAMBDA = 0° 
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A. 34 

Effect of horizontal tail 
LAMBDA * 0°, flaps up, C , = 1.2 

A. 35 

Effect of horizontal tail 

LAMBDA = 0°, flaps up, Cj = 1.8 

A. 36 

Effect of flap door 
Nacelles off 

A. 37 

Effect of flap and slat 
Nacelles off 

A. 38 

Configuration buildup 
Power off , 

A. 39 

Effect of nose fan thrust variation 
LAMBDA = 0°, H. Tail off 
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APPENDIX A 

WIND TUNNEL TEST DATA 

Appendix A contains plots of all valid data runs obtained from the 
wind tunnel tests conducted under this contract. Each figure consists 
of three pages for symmetrical data, or six pages for as symmetrical 
data. Parameters plotted are: 

f CLA vs ALPHA 

Symmetrical •< CDA vs CLA 

Data l CPMA vs CLA 

The above parameters plus 
CRMA vs ALPHA 
CYMA vs ALPHA 
CSFA vs ALPHA 

The data represent "aerodynamic data" in that direct thrust and ram 
forces have been removed. The aerodynamic data does contain propulsion 
induced effects. The determination of direct thrust and ram forces is 
discussed in Appendix B and the removal of direct thrust and ram forces 
is discussed in Appendix C. Also presented in Appendix C (Figure C.l) 
is a tracking of data through the reduction process and a description 
of the wind tunnel wall constraint corrections which were applied to 
the data. 

Out of necessity, a portion of the lift/cruise fan nacelle strut was 
rotated with the nacelles during the wind tunnel test program to cover 
plumbing to the turbopowered simulators and the "blown" primary. That 
fairing had a large effect upon the drags of the STOL and VTOL test 
configurations which would not be present on the full scale airplane. 

To assess the drag difference due to the fairing, a test run was made 
with the fairing removed and tape and wax applied to cover and fair 
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over the exposed plumbing and instrumentation. As discussed in the 
body of the report, the reduction in drag coefficient due to removing 
the fairing amounted to 0.15 but further reductions are probably 
possible. The drag data in this appendix are not representative of 
airplane drag levels to the extent that they are affected by this fairing. 

Figures A. 18 thru A. 21 contain data which were taken with a ground plane 
installed in the tunnel. While these data do not represent ground 
height series, there was some variation of ground height as the model 
was pitched. Since these data were corrected for wall effects of 
three walls only, the ground effect is a part of the data. The ground 
height to model mean aerodynamic chord ratios can be represented by 
straight lines between the following three points: a = -5°, h/c = 2.45; 
a = 12°, h/c = 3.40; a = 31°, h/c * 4.90. It should also be noted 
that the ground plane reduced the tunnel width (which is "height" 
relative to the model since it is installed with wings vertical) from 
105 inches to 77 inches. 
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Model Nomenclature 

The plots in this appendix contain a shorthand notation to designate the 
specific model configuration. This notation is defined as follows: 

Cl Trailing edge flaps deflected 

Trailing edge flap door down 
Leading edge slat extended 

Nose fan doors in open position (both upper & lower) 

Basic nacelles and nacelle - fuselage fairings installed 

C2 Same as Cl except trailing edge flap door is up 

(i.e., it is aligned with the basic trailing 
edge flap) 

C3 Trailing edge flaps deflected 

Trailing edge flap door up 
Leading edge slat extended 

Nose fan doors in closed position (both upper & lower) 

Basic nacelles and nacelle - fuselage fairings installed 

C4 Trailing edge flaps & flap door nested 

Leading edge slat nested 

Nose fan doors in closed position (both upper & lower) 

Basic nacelles and nacelle - fuselage fairings installed 

C5 The lift/cruise nacelles and the portion of the nacelle - 

fuselage fairing attached to the nacelles are removed from 
the model. The resulting cavities on the body sides are 
taped over for a smooth fairing. 

Nose fan doors in closed position 
Leading edge slat nested 

Trailing edge flap position as noted by "F' : designation 
G Main and nose landing gear and landing gear doors installed 
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Vertical tail installed 

Horizontal tail installed 

Trailing edge flap deflected 

Trailing edge flap door aligned with flap 

Trailing edge flap deflected 
Trailing edge flap door down 

Cl thru C5 do not have tail surfaces and gear installed 
unless followed by the appropriate symbols, 

C16VH is Cl with gear, vertical tail and horizontal tail 
installed. 
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Nomenclature for Appendix B 
Inlet Highlight Area 

Inlet Throat Area 

Fan Nozzle Velocity Coefficient 

Fan Nozzle Flow Coefficient 

Inlet Flow Coefficient 

Corrected Gross Thrust 

Primary Mass Flow 

FSC Chamber (Free Stream) Static Pressure 

Inlet Total Pressure 

Inlet Static Pressure 

Fan Nozzle Total Pressure 

Fan Nozzle Stacie Pressure 

Primary (Core) Nozzle Total Pressure 

Tip Turbine Discharge Total Pressure 

Primary (Core) Nozzle Total Temperature 

Corrected Speed 

Free Stream Velocity 

Height of Distortion-Generating Blade Above Inlet Highlight 


I 
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APPENDIX B 
THRUST CALIBRATIONS 

Thrust calibrations of the turbopowered simulators were conducted in the 
Boeing Flight Simulation Chamber (FSC), and with the simulators installed in 
the model during the static ground tests and during the wind tunnel test. The 
initial calibration conducted in the Flight Simulation Chamber provided the 
effects of nozzle back pressures above and below ambient pressure, thus simu- 
lating ground effects, nozzle back pressuring due to thrust vectoring in 
excess of 90° to the free stream, and ram conditions in forward flight. The 
trends obtained from this calibration were coupled with absolute levels 
obtained from in-place calibrations during the wind tunnel test. The FSC 
calibrations related the thrust, as measured by strain gauge balances, to: 
ideal thrust calculated from fan exit static and total pressure and total 
temperature; fan RPM; and fan tip-drive air supply pressure and temperature. 
During static tests the relationship of thrust versus RPM was used in deter- 
mining thrust. Because of expected inlet total pressure distortion in the 
wind tunnel for certain combinations of inlet angles of attack, forward speed, 
and power setting, the thrust was determined from fan exhaust pressure and 
temperature measurements during wind turn el tests. Thrust versus tip-drive 
supply pressure served as a back-up methoa of determining thrust. 

Mod el Descriptio n 

A schematic of the lift/cruise fan nacelle is shown in Figure B.l. The turbo- 
powered simulators were 14 cm (5.5 inches) Technology Development Inc. tip- 
turbine driven fans supplied by NASA for this test. The model scale was thus 
selected to fit the available fans. A fan mao and a thrust calibration with 
ambient back pressure to the fan (zero convergence fan nozzle) were available 
from NASA CR-2051 (Reference 4). It was decided to operate the model fans at 
the pressure ratio of the "study" engine Allison PD370-16, a T701 derivative 
(Reference 8). Since thrust data were available only for zero fan back 
pressure, the nozzle area was set equal to fan flow area plus 2 % allowance for 
boundary layer growth. The model scale was therefore defined by the square 
root of the ratio of model thrust produced at that exit area to full scale 
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thrust, with nozzle pressure ratios reproduced in the model. 

External lines of lift-cruise nacelles were scaled from a drawing of the NASA 
V/STOL technology demonstrator (Reference 9) modified in a few areas as dis- 
cussed below. The inlet was patterned after a 0.9 scale lift/cruise inlet 
model tested in support of the V/STOL program (Reference 10). The internal 
lines of the 0.9 scale model were non -a xi symmetric, with the contraction 
ratio higher on the bottom of the inlet (with the nacelle in the forward 
thrust position). The 0.094 scale powered model, fabricated for the present 
test program, required about 20% less inlet area because of the tip turbine 
flow. The throat was therefore reduced to maintain the throat Mach number 
and thereby maintain the inlet's ability to operate at high angles of attack 
and low mass flows The reduced throat area requirement of the model coupled 
with the scaled, large highlight allowed the selection of an axisymmetric 
inlet with a contraction ratio Am/Ay^ = 2.0 which exceeds that on the bottom 
of the non-axi symmetric full scale inlet (1.76). The coordinates of the 
powered lift/cruise model inlet are snown on Figure B.2. The outer wall of 
the fan nozzle of the lift/cruise nacelle was axi symmetric. The centerbody 
was designed with an elliptical cross-section assuming that the engine and 
airplane accessories would be distributed between the top and bottom of the 
core engine. This design reduces the internal nozzle curvatures and also 
provided a representative flow area in the vertical plane for thrust vector- 
ing vanes. The fan duct was held at nearly constant area, increasing only 
2% to the nozzle exit plane. The fan nozzle of the PD370-16 engine being 
simulated would be a variable area nozzle and actually divergent at low 
speeds. Thrust vectoring vanes were installed in the lift.-cruise f an nozzle 
exits to provide yaw control when the nacelles are tilted 90° for lift pro- 
duction. 

The primary nozzles of the lift/cruise engines had scaled exit areas and were 
slightly convergent, although the PD370-16 primary nozzle would be divergent. 
The model nozzle was supplied with high pressure air off the turbine air 
supply which was reduced to the required pressure through choke plates and 
screens. 
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The inlet, of the nose fan was designed as a short non-axi symmetric bellmouth. 
The contraction ratio of the bellmouth varied from 1.76 on the forward part 
to 1.4 on the sides and aft portion. Tigure 15.3 shows several sections of 
the inlet. The nozzle of the nose fan was a cylindrical duct cut off at 15° 
to its axis. The fan hcb was not faired out but left as a base in the nozzle 
exit plane. Like the lift/cruise fans, the nose fan was fitted with vanes 
for yaw control. A schematic of the model forebody is shown in Figure B.4. 

It should be noted that the upper half of the forebody was left on the fan 
simulator during calibrations in the flight simulation chamber. 

The model nozzles were instrumented with total pressure rakes, static pressure 
taps and thermocouples to provide the required data to define their velocity 
and flow coefficients. The lift/cruise inlets were instrumented with static 
taps for flow calibration and one total pressure rake to detect inlet flow 
separation. 

The schematics of the instrumentation are shown on Figure B.l and depicted 
in Figure B.5. The outer probes in all fan nozzle rakes were placed in the 
tip turbine stream and manifolded together. The remaining probes were read 
individually on nacelle "B" and the nose fan "C", but manifolded by rake in 
nacelle "A". All statics were read individually. 

Fligh t Simu lation Chamber 

A schematic of the Flight Simulation Chamber (FSC) is shown cn Figure B.6. 

Air is drawn through the model into a stilling chamber, then through one or 
a set of critical flow venturis and finally exhausted to the atmosphere by 
an ejector. The model is mounted on a balance where thrust is measured. 

Airflow is measured by the Multiple Critical Flow Venturis (MCV). The 
chamber pressure may be maintained below amtient by proper selection of 
venturis and suction of the ejector, thus simulating the ram effect encountered 
in a wind tunnel or in flight. With powered models, the chamber may also be 
maintained at a pressure above ambient, simulating back pressurization due 
to ground proximity, jet Interference, tailwind, etc. 
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A total pressure probe on an X-Y translating mechanism was mounted inside the 
FSC and used to survey the primary nozzle flow. 

Test Procedure 

Airflow through the FSC is a function of the selected venturi size and the 
total pressure within the chamber. The model was to be calibrated over a 
range of back pressures equivalent to speeds up to 77 meters/sec (150 knots), 
and over a range of power settings from near zero thrust to about 85% RPM. 

Data from Reference 4 indicated that the fan nozzle airflow at that RPM would 
be about 2.72 kg/ sec (6 lb/sec). The test was therefore conducted by vary- 
ing airflow from 2.72 kg/sec (6 Ib/sec) to about 0.91 kg/sec (2 Ib/sec) in 
0.23 kg/sec (1/2 Ib/sec) increments by installing appropriate multiple 
critical Venturi Combinations (MCV). At each MCV setting, fan RPM was 
varied over the required range to produce an FSC internal pressure from 5% 
below to 5% above ambient, corresponding to the ram effect at 82 meters/ sec 
(160 knots). Generally, five back pressure levels were set: Ppsc^ATMO = 

.95, .975, 1.0, 1.025, 1.05. Occasionally, .'an stall was encountered at 
higher back pr >sures and some test points were omitted. Generally, three 
scans of data were taken at each test point. A warmup run preceded data runs, 
because air at 71°C (160°F) was required to drive the tip-turbines and avoid 
icing of fan shroud, blade tips and stators. 

Calibrations 

Nacelle pressure instrumentation was routed out of the FSC to a bank of 
scannivalves and the output was recorded by the BTWT Astrodata System. FSC 
pressure measurements were routed directly to dedicated transducers. All 
pressure transducers and the entire electronic system were periodically 
calibrated by applying a pressure balanced by a deadweight tester to the 
transducer and comparing the output to the deadweight tester. Airflow 
measurements were made using calibrated Multiple Critical Flow Venturis 
(MCVs). The MCV's trace their calibration to the Colorado Engineering 
Experiment Station. 
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Thermocouples were compared to a standard thermometer prior to runninq, when 
the nacelle and chamber were at a steady temperature. The force measuring 
system included two balances, bellows to bridge the high pressure air supply 
to the metric side and pressure compensating bellows to reduce tare forces on 
the metric portion of the FSC. Balance calibrations were checked by hanging 
weights and bellows pressure tares were obtained by repeating balance calibra 
tions with pressure applied to the bellows. Momentum tares as well as the 
proper operation of the pressure and flow measurement system were checked by 
running a known reference nozzle prior to installation of the model. The 
indicated flow coefficient of the known nozzle checks the FSC pressure, 
temperature and flow measuring system, while the indicated thrust coefficient 
provides the momentum tare, if any. 

Veloci tx _and_F I ow C oefficient s 

liquations for fan velocity coefficient, fan flow coefficient and inlet flow 
coefficient are given below, starting from averaged pressure measurements. 



C VF 


F GTOT - f PR B.l 

m TTViTT + m f v if 

where: 


F GT0T 

= 

total thrust from balance 


f PR 

= 

calculated primary thrust 


m tt 

= 

tip turbine mass flow 


V ITT 


tip turbine ideal velocity = f(P TT ,,P T- 


M r 

=: 

fo i mass flow 


V IF 


fan ideal velocity - f(Pjp P Q Tj f ) 


r TTT> P T5 

s 

average tip turbine exit total pressure 
(6 manifolded probes) 


T TTT 

= 

tip turbine exit total temperature 
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T TF - fan exit total temperature (average of 4) 

P P 

TF* T3 = average fan exit total pressure For the nose 
fan and one L/C tan it is the area weighted 
average of 24 probes; for the othe» L/C fan 
it is the area weighted average of 6 rakes, 
each a manifold of 4 probes). 

P P 

o’ oo - rsc chamber ( freestreain) static pressure 

The primary thrust was obtained from a translating probe survey at the primary 
nozzle exit plane, from which the mass flow and thrust were calculated, and 
correlated with measured nozzle pressure ratio. The calculated mass flow of 
the primary was subtracted from the total measured supply flow to obtain the 
tip turbine flow Subsequently, primary thrust was calculated by applying 
the above mass flow split to the measured supply flow and multiplying it by 
the ideal velocity based on measured primary total pressure and a velocity 
coefficient which relator the manifolded primary total pressure rake to the 
average pressure obtained by the survey. 



F PP 

= K PR x W MCV-2 X V IPR X C VPR 8,2 

where : 

k pr 

= fraction of total supply flow to primary 


W MCV-2 

= total supply flow 


V IPR 

= ideal velocity = f(P TpR> P Q> T TpR ) 


C VPR 

= V IPR 



ideal velocity based on probe survey of exit art’ 


The fan maso flow was measured as the difference if totc'i mass flow drawn out. 
of the FSC through its bank of critical flow Venturis and the total supply 
flow to tne tip turbine and primary. 

Mp = - W^CV-2 (see Figure B.6) B.3 

The fan flow coefficient was defined in an unusual manner due to the fact 
that the fan nozzle also passed the tip turbine flow, and because it was 
related to internal nozzle static pressure rather than ambient pressure. The 
tip turbine flow and the geometric area of the tip turbine including the fan 
shroud were excluded from the definition because the tip turbine flow could 
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be measured during the wind tunnel test. The average static pressure just 
inside the nozzle was used to extend the usefulness of the static flow 
coefficient to wind-on conditions where the nozzle exit plane is subjected 
to significant local pressure fields created by the airframe and ground 
proximity. 


T)F 


where: 


M IF 

P SF 


- v% 

= f(p 


B.4 


TF, P SF, T TF, V 

= average fan nozzle exit static pressure 
(L/C fans: 4 taps, nose fan: 6 taps) 

Ap = flow area from rotor hub to fan shroud 

The fan duct and nozzle were designed at a constant area equal to the fan 
exit area, plus 2 % for boundary layer growth. Thus, using the fan rotor 
flow area was equivalent to using the fan nozzle exit area less the tip 
turbine and s ''oud area. 


The third coefficient calculated was an inlet flow coefficient. 


'D2 


■ V M I2 


B.5 


where: 


M 


12 

5 T2 

3 S2 

r T2 


= ideal inlet flow = f (Pj 2 ’ P S2’ ^T2’ A 2^ 

= inlet to sal pressure = atmospheric pressure 
= inlet static pressure (average of 4 taps) 

= inlet total temperature 

= geometric flow area in the plane of the static 
pressure taps 


Results 


Velocity coefficients and flow coefficients for lift/cruise fans "A" and "B" 
and lift fan "C" with yaw vanes set at 0° as determined in the flight simula- 
tion chamber are shown on Figures B.7-B.12. The data are plotted vs. fan 
total pressure ratio rather than the more common fan nozzle total to ambient 
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static pressure ratio. This was done because, in fan powered models, nozzle 
coefficients are strongly affected by fan power setting and back pressure 
ratio ( p j2^ P S3^ t * ,rou 9h their effect on total pressure distribution at the 
nozzle charging station. The data trends in Figures B.7-B.12 were subsequent- 
ly used to calculate gross thrust and ram drag from pressure and temperature 
measurements in the wind tunnel. A correction to the velocity coefficients 
was applied based on results of in-place calibrations in the tunnel using 
the model internal balance. 

Velocity and flow coefficient cur/es for back pressures above inlet pressure 
(PT2/P53 < 1.0) often drop or rise steeply at low fan power settings, see 
Figures B.7 to B.12. This is due to fan stall and the ensuing increase in 
distortion. When distortion increases, the calculated average total 
pressure P-^ may he biased above or below the true effective total pressure. 

Inlet distortion generated by a sharp blade across one inlet is shown on 
Figure B.13. The blade was positioned such that its upper edge was 2.34 cm 
(.92") above the inlet highlight. The inlet rake was completely in the wake 
of the blade, showing a recovery of .85. This inlet distortion produced a 
fan exit total pressure distortion as shown on the lower half of the 
Figure B.13, where data with and without the blade are compared. This distor- 
tion produces a variation in the calculated flow coefficient and velocity 
coefficient as shown on Figure B.14. The data show that if inlet separation 
occurs in the wind tunnel at high nacelle angles of attack, thrust and air- 
flow calculated from coefficients obtained without distortion may be in error 
by several percent. 

Actual distortion measured during the wind tunnel test for fan "B" (lift/ 
cruise fan) and fan "C" (lift fan) are shown on Figures B.15 to B.25. Nose 
fan data is shown on Figure B.15 to B.19 for forward speeds up to 62 m/sec 
at hi ^h fan power settings. In most cases, the distortion level is well below 
the level produced during the FSC calibration. At 62 m/sec , distortion is 
comparable. Thus, at high nose fan power settings as would occur in conjunc- 
tion with lift/cruise nacelle tilt angles near 90°, the nose fan distortion 
is within acceptable limits for thrust calculation within a few percent. 
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Figure B.lq shows nose distortion at a low power settinq, statically and at 
62 m/sec. Although no inlet separation is indicated, distortion again is 
high in the exit, producing exit velocity variations of about 3:1. In addi- 
tion, exit static pressure variation was seen at low power settings, causing 
large changes in computed mass flow relative to the static case. These 
effects probably produce significant errors in predicted thrust. 

Lift/cruise fan total pressure distortion is shown on Figure B.20 to B.25. 
For a tilt angle of 90° at 62 m,sec (120 knots), distortion greatly exceeds 
levels tested during the FSC calibration at all airflows. Although this 
condition is not part of the flight profile, it is representative of lower 
flight speeds and power settings resulting in a similar value Cj and inlet 
velocity ratio. At lower flight speeds and nacelle tilt angles of 50° and 
0°, the distortion is acceptable from the standpoint of thrust calculation 
accuracy. 

Primary nozzle total pressure surveys using a translating probe were 
integrated to produce average total pressure from which flow and thrust were 
calculated. The survey results were related to a manifolded rake. Thrust 
and flow coefficients were then calculated for use with manifold pressure 
data. The results for primary nozzles "A" and "B" are tabulated below: 


Nozzle 

A 

B 

Remarks 

c v 

.950 

.968 


C D 

.950 

.968 

(based on ambient static) 

C D 

1.40 

1.43 

(based on nozzle internal static 
pressure) 


Fan nozzle total pressure profiles measured by six rakes with 4 probes each 
were fairly flat. An example for fan "B" at a fan total pressure ratio near 
1.14 is shown as the "without blade" case in Figure B.13. 
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The inlets of fans "A" and "B" we^e calibrated for airflow. Figure B.26 
presents an inlet flow coefficient defined as the ratio of actual airflow to 
theoretical airflow which is based on measured inlet static pressure, 
temperature and flow area. The coefficient was approximately 0.905 for both 
inlets. 

For reduction of the static ground test data, thrust was related to fan RPM 
due to difficulties with pressure instrumentation. The relationship of 
thrust and fan RPM used is shown in Fiqure B.27. It was determined from an 
in-place calibration using the model internal balance to measure thrust. The 
fans were run individually with the model fan out of ground effects (ground 
height - 1 .H meters (72 inches) and the lift/cruise fans tilted to 90°. The 
calibration was not extended to low RPM in that the reliability of the indi- 
cated RPM deteriorates considerably at low RPM. The static tests were all 
conducted at or near 28,000 RPM. 

During the wind tunnel testing the difficulties with the fan exit pressure 
instrumentation were rectified and an in-place calibration was conducted to 
relate thrust to fan exit instrumentation as had been done in the flight 
simulation chamber. The in-place calibration indicated that the thrust 
measured was lower than the calculated thrust based upon the flight simula- 
tion chamber coefficients. Fans "A" and "B" w^ "Onsistently 2 % low while 
fan "C" was 47. low. Thus the flight simulation .mber calibration results 
wore adjusted accordingly for calculating thrust during the wind tunnel 
testing. 
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FIGURE B.l LIFT-CRUISE FAN NACELLE MODEL 
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LIFT/CRUISE INLET COORDINATES 
(SEE FIG B. 1 FOR INLET LINES) 



THROAT - 


STATION 

INCHES 


.0083 

.0271 

.0520 

.1145 

.1770 

.2707 

.3643 

.4581 

.5518 

.7391 

.9266 

1.1139 

1.0314 

1.4889 

1.6762 

1.8637 

2.0510 

2.2385 

2.4258 

2.6133 
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FIGURE B.2 LIFT/CRUISE NACELLE INLET COORDINATES 






CONTRACTION RATIOS (AHI/ATH) 

CENTER, FWD AHI/ATH = 1.76 (AS DRAWN IN FIGURE B.4) 
L.H. SIDE 45° FWD " - 1.69 

" 90° " » 1.40 

" 45°AFT " * 1.62 


FIGURE B.3 MODEL NOSE F \N INLET CONTOURS 
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FIGURE B.6 FLIGHT SIMULATION CHAMBER 
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APPENDIX C 
DATA REDUCTION 

In general, the force data presented in this report have had direct 
thrust and ram forces removed. Figure C.I illustrates this procedure 
for a typical run. Direct thrust and ram forces were also removed 
from the three force components not illustrated. There are several 
reasons for removing these forces from the data as summarized below. 

• It is not always possible to exactly balance the two lift/cruise 
fans. This can introduce rolling and yawing moments which are 
best removed to reveal the aerodynamic contributions. 

• The nose fan thrust was not exactly constant with angle of attack. 
This introduces a variation of pitching moment with angle of 
attack which is best removed to reveal the aerodynamic forces. 

• The ram force at a given Cj is not exactly representative of the 
airplane value. This occurs basically because of the mass flow 
added to drive the tip turbine and because of exhaust temperature 
differences between the model primary and the actual engine ex- 
haust. Removing ram forces from the wind tunnel data facilitates 
correction to actual airplane ram conditions. 

Removal of ram moments requires knowledge of the effective point of 
application of the ram forces on the model. For this purpose the 
results of a test of an isolated nacelle with 1.4 meter (55 inch) 
diameter Q-Fan installed were utilized. This test, reported in 
Reference IQ, was run in the Ames 40'x 80'Wind Tunnel. As shown in 
Fiqure C.2, the results indicate an effective point of application 
which is well ahead of the inlet face plane. A constant value, 

L/Dhi = .75, was assumed for reducing the present data. The values 
of ram force for the model are summarized in Figure C.3. It is seen 
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that for a given fan pressure ratio (i.e., a given thrust setting) 
the value CFR/yc^ is relatively insensitive to Cj (forward speed 
variation) and a . However, for the runs which were made at a lower 
thrust setting the value is somewhat different. 

The gross thrust and ram force of each fan were calculated using 
equations C.l and C.2. The definitions, coefficient values, and 
instrumentation locations associated with these equations are found 
in the description of the fan calibration. Appendix B. 


F 6 = C VF * M TT V ITT + M F V IF* + C VPR M PR V IPR 


F R " V FS C DF M IF 



For the purpose of removing direct thrust from the measured forces 
the following equations define the thrust contribution to each balance 
component. Note that these forces were removed from balance axis 
system data. The subscripts A, B, and C identify the individual simu- 
lators. Note that Fan A is the right L/C fan. Fan B is the left L/C 


fan. Fan C is the nose fan. 

Normal Force = sin 76° + Fg sinX g + F^ sin X ^ C.3 

Axial Force = -Fq cos 76° - F g cos X B - F ft cos X ^ C.4 

Pitching Moment * -Ax c F c sin 76° - az c F c cos 76° 

-AXgFg S’n X g -AZgFg cos A B €.5 

" Ax A F A sin X A " AZ A F A cos X A 

Rolling Moment ="Ay B F B sin A R -Ay ft F A sin ^ C.6 

Yawing Moment = -Ay^Fg cos A B -Ay^F^ cos A C.7 

Side Fonoe = 0 C.8 
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The geometric constants used in the above equation were used to locate 
a point on the fan thrust axis relative to the moment reference center 
(MRC). (The reference system is shown in Figure C.5. ) 

Ax = Fuselage Station - (Fuselage Station)^ 


< 

1 

i 

| 

* 

i 

i 

e 

i 

a 

a 

i 



Ay = Butt Line - (Butt Line)^ 
a z = Water Line - (Water Line)^ RC 



The following equations were used to calculate the components of ram 
force to be removed from the measured force data. These increments 
were subtracted from the stability axis data before application of the 
wind tunnel wall effects corrections. The axis system is shown in Fig. C.5. 

Dp = Ram Drag = F R cos 8 C.9 

SF r = Ram Side Force = -F R sin$ C.10 

Ram Pitching Moment = 'J R ( A z cos a -ax sin a ) C.ll 

Ram Rolling Moment = SF R ( A z cos a - ax sin a ) C.12 

Ram Yawing Moment - -SF R ( a x cos a + A 2 sin a ) + D R Ay C . 13 

The constants ( a x, Ay, and a z) for this set of equations are as 

follows: 
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C.14 


Cj is the thrust coefficient Fg/qS 

Fg is the gross thrust as defined In equation C.l 

q is free stream dynamic pressure 

Ay is the propulsive exit area with appropriate adjustments such 
that Vj is representative of fan efflux velocity rather than 
a weighted average of the fan efflux and blown primary velocities. 
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M all Co rrections 

Corrections for tunnel wall constraints were determined based on Heyson's 
Interference Theory (Reference 11. and 12.). In this theoretical 
approach, a lifting surface is represented by a number of lifting line 
elements oriented along the quarter chord line and trailing along the 
wake. Ten lifting elements were chosen for the T-39 model. The effec- 
tive wake deflection angle was determined as discussed in Reference 13. 
Corrections were determined separately for the wing and the tail. The 
total model loads (lift and drag) as measured directly by the internal 
balance (i.e., including direct thrust and ram forces) were used in 
determining the interference velocities. 

The corrections were computed in the form of a flow angle change, which 
changes the resolved lift and drag components, and a tunnel test section 
dynamic pressure change. In addition to the above corrections, a con- 
ventional solid blockage correction factor was applied to the dynamic 
pressure. 

Figure C.4 presents a summary of typical wall correction factors 
computed at the wing where Aciy denotes the computed change in stream 
direction at the wing and Q/QU denotes the ratio of the final corrected 
stream dynamic pressure to the value before application of wall cor- 
rections. 

The pitch center was not located at the model center with the result 
that the model changed height in the tunnel as angle of attack was 
varied. At a -H° the model moment reference center (MRC) was 8.5 
inches below tunnel center line while at a = +30° the MRC was 15.5 
inches above tunnel center line. The height variation with alpha was 
linear. This variation was taken into account in the wall effects 
calculations. 

Figures A. 18 thru A. 21 in Appendix A, present some data wHh the ground 
plane installed. These data were corrected for the wall effects of 
three walls only with the ground effect left in. 
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FIGURE C .5 SIGN CONVENTION 



